The extent to which key biological processes, such as sex determination, respond to environmental fluctuations is fundamental for assessing species' susceptibility to ongoing climate change. Few studies, however, address how climate affects offspring sex in the wild. We monitored two climatically distinct populations of the viviparous skink Niveoscincus ocellatus for 16 years, recording environmental temperatures, offspring sex and date of birth. We found strong population-specific effects of temperature on offspring sex, with female offspring more common in warm years at the lowland site but no effect at the highland site. In contrast, date of birth advanced similarly in response to temperature at both sites. These results suggest strong population-specific effects of temperature on offspring sex that are independent of climatic effects on other physiological processes. These results have significant implications for our understanding of the ecological and evolutionary consequences of variation in sex ratios under climate change.
Introduction
Climate affects the phenology, physiology and behaviour of many organisms and acts as an important driver of evolutionary and ecological change. Understanding these effects has never been more important, given the need to predict how species and ecosystems will respond to changing climates. How the environment influences offspring sex is particularly important in this context, as extreme sex ratio skews may lead to rapid demographic collapse [1] [2] [3] [4] . We understand how sex ratios respond to climate in the wild, however, for only a handful of species [1, 5, 6] .
Here we use an extensive 16-year dataset from two populations of the viviparous lizard Niveoscincus ocellatus to investigate how climate affects offspring sex and birth date. Previously, we have demonstrated with theoretical models intraspecific climatic divergence in sex determination in this system [7] . Crucial to further understanding the mechanisms underlying this divergence and its consequences under directional climate change are long-term datasets that explore population-level reaction norms. We address this by examining how variation in temperature influences offspring sex ratios and phenology in populationspecific ways. We discuss the consequences of population-specific responses for population persistence in the light of changing climates.
Material and methods
Niveoscincus ocellatus is a small short-lived viviparous lizard, endemic to Tasmania, with a wide climatic and altitudinal range [7 -9] . We monitored two populations, located at the extreme limits of the species' thermal and altitudinal distribution, ovulation is highly synchronized among females within sites [11] . Each year the majority of pregnant females were captured at the end of gestation (December and January for the lowland and highland sites, respectively) to minimize time spent in the laboratory and well after the critical sex-determining period, which occurs during the first half of gestation [11, 12] . Females were housed following standard laboratory protocols [8, 9, 11] . At birth we recorded morphometric traits, birth date and sex of offspring prior to release at their site of origin. The dataset consists of more than 1100 litters from each site (table 1) .
To examine responses of offspring sex and birth date to climate, we used temperature during the first half of gestation, which corresponds to the critical sex-determining period (T crit ) [11, 12] . Owing to minor temporal variation in timing of gestation between sites [8, 9] , this corresponded to the mean maximum daytime temperature (from Australian Bureau of Meteorology stations) from October 1 to November 14 and October 15 to November 31 at the lowland and highland sites, respectively. The effect of T crit , site and their interaction on offspring sex was tested by fitting a generalized linear mixed model (GLMM) with binomial error distribution (logit link) using a type II Wald x 2 test, while their effect on birth date was tested by fitting a linear mixed model (LMM). Both of these models were fit with maternal identity as a random effect to account for repeated sampling of mothers across years and with T crit mean centred (in reduced, site-specific, models T crit was mean centred by site; see below). Where no significant interaction effects were found we present test statistics and p-values of main effects from reduced models excluding interaction terms. Analyses were conducted using R [13] using the 'lme4' package [14] .
Results
We found a significant interaction effect of site and T crit on offspring sex. At the lowland site, each increase of 18C in T crit resulted in a 0.869 change in the odds of offspring being born male (figure 1a), i.e. a skew towards males at lower temperatures and towards females at higher temperatures. At the highland site, there was no significant effect of temperature (table 2) , and cohort sex ratios deviated little between years (figure 1a). There was also a significant interaction effect of site and T crit on birth date (table 2; figure 1b) . However, site-specific models showed a significant effect of T crit at both sites (table 2) , but with a more extreme effect at the highland site (advancing 4.92 + 0.18 SE days for each 18C increase in T crit ) compared with the lowland site (advancing 3.08 + 0.38 SE for each 18C increase in T crit ; figure 1b).
Discussion
We found strong evidence for site-specific effects of temperature on offspring sex in two climatically distinct populations of N. ocellatus. Lowland population sex ratios were skewed towards females in warmer years, and towards males in cooler years whereas, in the highlands, offspring sex was unaffected by temperature. These results are significant in two ways. First, they add to the limited number of studies demonstrating an effect of environmental temperature on offspring sex ratios in the wild, especially in short-lived, live-bearing reptiles. Second, they show that these effects are strongly population specific. We have previously suggested that the divergence in the response of sex to temperature evolved as an adaptive response to local climate [7] . At the lowland site, a sex ratio response to temperature is adaptive because of the selective advantage that females, but not males, derive from being born early. In contrast, such a response is selected against at the highland site, where females gain no advantage from early birth and where high interannual variability would lead to maladaptive fluctuating cohort sex ratios. However, this selective explanation does not address the mechanisms underlying the intraspecific divergence.
Our results suggest the divergence is not the result of differences in how individuals within the two populations buffer the effect of temperature on embryonic development through altered thermoregulatory behaviour. In N. ocellatus, as in other ectotherms, gestation length is temperature dependent [15] and the consistent link between environmental temperature and birth date suggests that the signal of environmental temperature on developing embryos is similar in both populations ( potentially actually slightly stronger in the highland than the lowland population). Despite this, we find strong site-specific effects of temperature on sex ratios. One explanation for these results is that the two populations share a similar sex ratio response to temperature, but that they appear different because sex ratio skews only occur at temperatures above those experienced by the highland population. However, our results suggest that this is not the case. First, where temperatures overlap between the populations (e.g. in the coldest years in the lowlands and warmest years in the highlands), sex ratios are male-skewed in the lowland population but not skewed in the highland population. Second, previous common garden experiments showed no effect of thermal conditions experienced at the lowland site on offspring sex ratios in highland females [7] . This suggests that the patterns observed are the result of fundamental differences in the temperature sensitivity of the mechanisms underlying sex determination. To confirm this, further research is required, focusing on the genetic and epigenetic differences between populations with divergent sex ratio responses to temperature.
What might the consequences of the relationship between offspring sex and temperature be for population persistence? Under directional climate change, sex ratios are likely to remain stable in the highland but become increasingly female-skewed in the lowlands, and these effects will not be buffered by changes in thermoregulatory behaviour (analogous to buffering through varying nest depth in oviparous species [4, 5] ). Such shifts in sex ratios can have significant consequences for population persistence [5] . We suggest, however, that N. ocellatus is at comparatively low risk for a number of reasons [2] . First, high temperatures result in female-skewed sex ratios (an 'MF' pattern). Therefore, as temperatures rise, population growth may actually be enhanced, as population growth is generally determined by the number of females, particularly in species where males may mate with multiple females, such as N. ocellatus [16] . This remains true, however, only so long as temperatures do not continue to rise to the point where cohort sex ratios are skewed to the extent that the number of males becomes limiting [17] . Second, the range of temperatures that produce mixed sex ratios (the transitional range of temperatures) is very broad. Therefore, given interannual fluctuations in temperature, there is a low probability of sequential single-sex or highly skewed cohorts that could lead to rapid demographic collapse. Third, the sex response in N. ocellatus varies between populations and there has been gene flow between populations in past instances of climate change [18] . Thus, populations may be able to adapt to changed climates relatively rapidly. Finally, a longer period before the onset of winter allows more time for growth and leads to increased survival and earlier maturity [19, 20] . Thus, while a sex ratio response to temperature is often considered to be a risk factor for population persistence as climates warm, populations of N. ocellatus in which sex ratios are affected by temperature are, nevertheless, at a comparatively low risk from changing climates.
This study demonstrates the importance of long-term studies, ideally across multiple, climatically distinct, populations Table 2 . GLMM and LMM models assessing the effect of site and T crit on offspring sex and birth date in lowland and highland N. ocellatus (2000 -2015) . to determine whether the responses of populations to temperature are consistent across species' ranges. Such information is crucial if we are to accurately predict the potential impact of climate change on species persistence.
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